Previous studies have shown that pulmonary mesenchyme is required to maintain epithelial viability and to support branching morphogenesis and cytodifferentiation. We have examined whether pulmonary mesenchyme can be replaced by a medium containing a combination of soluble factors. Day 13-14 fetal rat distal lung epithelium was enzymatically separated from its mesenchyme, enrobed in EHS tumor matrix, and cultured for 5 d in medium containing concentrated bronchoalveolar lavage, EGF, acidic fibroblast growth factor, cholera toxin, insulin, and FBS (TGM), or in control medium containing only FBS. After 5 d in culture, marked growth and morphological changes occurred in epithelial rudiments cultured in TGM, whereas no changes were seen in controls.
Introduction
Lung organogenesis is initiated with a diverticulum of the primitive endodermal foregut that subsequently branches into surrounding splanchnic mesenchymal cells. Further growth and branching of the primitive rudiments results in the development and differentiation of the entire bronchopulmonary epithelium. Though poorly understood, tissue recombination studies have shown that the subsequent proliferation, branching morphogenesis and diverse epithelial cytodifferentiation are orchestrated through specific interactions between pulmonary epithelium and mesenchyme ( 1-3 ). Additionally, pulmonary mesenchyme has been shown to have quantitative effects on epithelial development. When pulmonary mesenchyme is totally removed from distal pulmonary epithelium, the epithelium dies; when mesenchyme is re-associated with pulmonary mesenchyme, however, the degree of epithelial branching and cytodifferentiation is proportional to the quantity of mesenchyme (3) . The inductive properties of pulmonary mesenchyme are further demonstrated by the induction of branching morphogenesis and distal pulmonary epithelial markers in tracheal epithelium re-associated with distal pulmonary mesenchyme (1, 4) .
These observations raise questions concerning the molecular basis for the requirement of epithelial association with mesenchyme in lung development. Soluble factors may participate in epithelial-mesenchymal interactions through paracrine or juxtacrine release mechanisms. Using immunological and molecular biology techniques, a number of studies have localized the production of specific growth factors or expression of their receptors in the developing lung. Factors that have been identified include EGF (5), acidic and basic fibroblast growth factors (aFGF and bFGF)' (6) , TGF-f31 (7) , keratinocyte growth factor (KGF) (8, 9) and PDGF (10) . Growth factors and fibroblast-derived conditioned media have also been used to stimulate both adult (1 1, 12) and late fetal( [13] [14] [15] alveolar type II cells, supporting a possible role for these factors in mediating epithelial-mesenchymal interactions.
Epithelial cells from the distal tips of the early glandular stage lung, while morphologically indistinguishable, are thought to differentiate into the distinct cell types populating the alveolar space and small airways. Elucidating the factors that regulate the proliferation and differentiation of these cells will provide information that is clinically relevant to premature infants, as well as pediatric lung disease, lung injury and repair, and lung cancer. The growth and differentiation of alveolar type II cells is particularly relevant to clinical issues surrounding premature infants, since type II cells produce pulmonary surfactant, a deficiency of which is conclusively linked to respiratory distress syndrome (RDS) of the neonate (16) . Type II cells also serve as progenitors of the gas-exchanging type I cell, and are involved in ion transport in the alveolus (17, 18) . In the present study we have sought to stimulate distal pulmonary epithelial proliferation and differentiation in the absence of mesenchyme. The results show that early fetal epithelial cells will actively proliferate in the absence of mesenchyme. This is accompanied by acquisition of morphological and biochemical markers consistent with progression to a late-gestational alveolar type II epithelial cell phenotype.
Methods
Animals. Timed-pregnant Sprague-Dawley rats were obtained from Charles Rivers Laboratories (Raleigh, NC). A sperm-positive vaginal smear confirmed mating and represented day 0 of gestation (day of birth = day 22). Pregnant dams were sacrificed with a lethal intraperitoneal dose of pentobarbital and transection of the aorta. After a rapid delivery through an abdominal hysterectomy, the fetuses were weighed, then sacrificed by decapitation. Fetal age was confirmed by fetal weight at delivery (19). After removing the heart, trachea and lungs en bloc from the chest cavity, individual lobes of the lung were dissected free from the major airways and maintained on ice in sterile Tyrode's buffer containing the following antibiotics: 100 U/ml penicillin G, 100 U/ml streptomycin, 2.5 Msg/ml amphotericin (all from GIBCO BRL, Gaithersburg, MD) and 10 Mg/ml gentamicin sulfate (Sigma Chemical Co., St.
Louis, MO). Lungs from littermates were pooled, but individual litters were analyzed independently for all experiments, except for RNA analysis, which required pooling rudiments from two or three litters to obtain sufficient quantities of RNA.
Fetal epithelial rudiment culture. Distal lung buds were dissected from day 13-14 fetuses using Moria surgical knifes (Fine Science Tools Inc., Foster City, CA) and placed on ice in sterile Tyrode's solution + antibiotics. The distal fetal epithelium was then enzymatically separated from the surrounding pulmonary mesenchyme by a 30-min incubation in dispase (Collaborative Biomedical, Bedford, MA) at 370C. The dispase was removed and four 1-ml aliquots of Tyrode's + antibiotics + charcoal-stripped FBS (CSFBS; GIBCO BRL) were used to repeatedly wash the distal fetal pulmonary epithelial rudiments. Two drops of 1 mg/ml DNase I (Sigma Chemical Co.) were added to the last wash and the mesenchyme was manually separated from the rudiments using tungsten needles (Fine Science Tools Inc.). To assure absolute removal of the mesenchyme a second 15-min incubation in dispase and a series of four Tyrode's + CSFBS washes were done. The fetal epithelial rudiments were transferred to DME and placed on ice.
Initial experiments were done using 24- 6 .7 Ci/mmol; New England Nuclear, Boston, MA) was added during the last 24 h of culture. To harvest the rudiments for thymidine incorporation and DNA analysis after labeling, liquid medium was removed, the wells or dishes were washed once with sterile PBS (pH 7.4), and the EHS matrix was enzymatically digested by incubation in 1.0 ml of dispase at 370C for 1 h. Once released from the matrix, the rudiments from individual cultures were placed in microfuge tubes, pelleted by centrifugation at 300 g for 5 min, washed once with PBS, and re-pelleted at 300 g. The pellets were stored in 50 ,ul of sterile PBS at -70°C. Before analysis, the samples were resuspended in 1.0 ml of sterile PBS plus 1 jiM phenylmethylsulfonyl fluoride (PMSF), 5 (24) . The cloning and sequencing of the cDNAs for rat SP-A, SP-B, and SP-C have been previously described (25) (26) (27) . To determine equivalence of RNA loading of Northern blots, we analyzed the expression of 28s rRNA (28) . Autoradiograms were generated using Kodak XAR-5 film (Eastman Kodak Co.). To quantify differences in mRNA expression, a phosphorous screen was exposed to the radioactivity present on the blot and a direct quantitation of radioactive counts was performed using Molecular Sunnyvale, CA) Northern blots were reprobed after removing previous 32P-labeled cDNA by stripping them in 50% formamide and 6 x SSC at 650C for 1.5 h and rinsing in 2 x SSC. The removal of cDNA probe was confirmed by an overnight autoradiogram.
Immunocytochemistry. Rabbit polyclonal antibodies to rat SP-A (24), SP-D (29) , and to human pro-SP-C (a generous gift of Dr. Jeffrey Whitsett) were used as markers of pulmonary epithelial cell differentiation. A murine IgGI monoclonal antibody to vimentin, (antibody V9; Boehringer Mannheim Biochemicals, Indianapolis, IN) was used to assess mesenchymal contamination. Matrix-enrobed fetal rudiments grown for 5 d in culture with TGM were fixed in either acid alcohol (for SP-A, SP-D and vimentin staining) or 4% paraformaldehyde (pro-SP-C staining) for 2 h at room temperature, transferred to 70% ethanol, and stored at 40C until paraffin embedding. Deparaffinized 4-6-4Lm sections were rehydrated through graded alcohols and treated with methanol and hydrogen peroxide to remove endogenous peroxidase. The sections were incubated in PBS containing 3% goat serum (GIBCO BRL) for 20 min to block nonspecific binding sites. Antibodies were then incubated with the tissue sections overnight at 4°C. Standard immunocytochemical methods for treatment with a secondary biotinylated antibody, streptavidin-horseradish peroxidase incubation, and diaminobenzidine addition were used as previously described (30) . Sections were counterstained with hematoxylin and examined by light microscopy.
In situ hybridization. In situ hybridization was performed essentially as described by Wert et al. (31) . Rudiments were fixed in freshly prepared 4% paraformaldehyde in RNase-free PBS for 4 h at 4°C, dehydrated, and embedded in paraffin. Sections 4-6 Am thick were mounted on 3-aminopropyltriethoxysilane-coated slides and baked overnight at 56°C. Sections were dewaxed in xylene, rehydrated through graded ethanols, rinsed consecutively in normal saline and PBS, then re-fixed in 4% paraformaldehyde. The re-fixed sections were rinsed twice in PBS, treated with 20 ,g/ml proteinase K in 50 mM Tris, 5 mM EDTA for 5 min at room temperature, rinsed in PBS, re-fixed and rinsed as before, then acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine (pH 8.0) for 10 min at room temperature. Sections were consecutively rinsed in PBS and normal saline, dehydrated through a graded series of ethanol, and air dried.
Radiolabeled sense and anti-sense riboprobes were transcribed from a full-length cDNA for rat SP-C (27) 
Results
Gross morphology. To determine the capacity of distal fetal pulmonary epithelium to grow in the absence of pulmonary mesenchyme, day 13 or 14 fetal epithelial rudiments were enzymatically separated from mesenchyme, enrobed in growth factor-reduced Matrigel and cultured for 5 d in medium containing soluble factors (TGM) or control liquid medium (D3). Fig. 1 illustrates the changes in gross morphology seen in epithelial rudiments cultured in TGM versus D3. A single epithelial rudiment in TGM at the initiation of culture is shown in Fig. 1 A, and subsequently at 24, 48, 72, 96, and 120 h in Fig. 1 , B-F, respectively. As can be seen, significant, complex, threedimensional growth occurred over the 5-d culture period in TGM when compared to the initial epithelial rudiment (Fig. 1  A) . Conversely, 1 G illustrates an epithelial rudiment that was cultured in D3 for 5 d. Such rudiments were typically reduced in size compared to rudiments at the initiation of culture.
Light microscopy. Light microscopy of epithelial rudiments cultured in the absence of mesenchyme for 5 d in D3 or TGM is seen in Fig. 2 . Epithelium cultured in D3 (Fig. 2 A) shows numerous cells with pyknotic nuclei and cellular debris. Rudiments cultured in TGM (Fig. 2 B) , however, showed healthy cuboidal epithelial cells, some of which exhibited clear areas consistent with glycogen stores. The identity of these areas as glycogen was confirmed by the abolition of periodic acid-Schiff (PAS) staining by pretreatment with diastase (Fig. 2, C though not all nuclei are positive (arrowhead). Bar, 21 Am.
DNA when compared with rudiments cultured in D3 (n = 5; P < 0.01). Fig. 3 Fig. 5 A shows that most cells in the TGM-cultured epithelial rudiments exhibited intense SP-C mRNA expression. Interestingly, though the majority of cells were positive for SP-C mRNA, there was not ubiquitous expression among the cell population. A spatial relationship to this heterogeneous distribution was apparent, with a more intense signal present in cells at the tips, and negative cells present toward the center of the rudiment. This spatial relationship can also be seen in the cultured fetal day 14 lung shown in Fig. 5 C. Hybridization with an equal amount of radiolabeled sense SP-C transcript gave no signal (Fig. 5 B) .
To examine whether surfactant proteins could be produced in cultured TGM rudiments, immunocytochemical staining for SP-A, SP-C, and SP-D were performed. To assure that our epithelium was free of mesenchymal contamination, immunocytochemical staining with an antibody to the intermediate filament protein vimentin was used. Fig. 6 D demonstrates typical vimentin staining in a day 14 fetal rat lung. Nearly all of the mesenchymal cells stained positive for vimentin, whereas the epithelium was devoid of positive staining. A representative cross-section of a rudiment grown in TGM and stained with vimentin is shown in Fig. 2 E. There was no detectable staining present in multiple sections, thus establishing the mesenchyme-free conditions of our epithelial culture system. In addition to vimentin staining, contaminating mesenchyme can easily be identified in a epithelial culture by a distinctly different growth and spreading pattern. Cultures were routinely screened visually for mesenchymal contamination, and intermittently subjected to vimentin staining as an added control for mesenchymal contamination. Ultrastructure. Cells were examined ultrastructurally for characteristics of alveolar type H cells. Fig. 7 shows electron micrographs of epithelial cells grown for 5 d in TGM. The cells show glycogen deposits and structures consistent with lamellar bodies located both intracellularly and lumenally (Fig. 7 A) . Ultrastructural evidence for lamellar body secretion was also observed (Fig. 7 B) . Additionally, ultrastructural examination showed that the cells were able to deposit a basement membrane (Fig. 7 C) . Discussion Figure 5 . In situ hybridization for SP-C mRNA in day 14 fetal epithelial rudiments cultured for 5 d in TGM. To demonstrate the expression of SP-C in intact lung explant cultures, fetal day 13 lungs were cultured in DME + 1% FBS for 5 d. Epithelial rudiments and lung explants were harvested, fixed in paraformaldehyde, sectioned, hybridized with 35S-labeled sense or anti-sense rat SP-C riboprobes, and processed for autoradiography. (A) A epithelial rudiment cultured in TGM and hybridized with anti-sense SP-C riboprobe. Most cells are positive for SP-C mRNA (arrow), with a more intense signal seen at the distal tips. However, some cells located along the innermost aspects of the rudiment show only faint signal (arrowhead). (B) An adjacent section taken from the same rudiment seen in A but hybridized with sense SP-C riboprobe. There is no detectable hybridization after an exposure identical to that seen in A. Bar: (A and B) 21 Jsm. (C) Fetal day 13 lung grown in explant culture and probed with anti-sense SP-C. SP-C mRNA expression is seen in the distal tips (arrow) and not in the more proximal epithelium (arrowhead), similar to the expression seen in epithelial rudiments cultured in TGM. Bar: (C) 33 tsm.
Virtually all previous data have supported the concept that pulmonary mesenchyme is essential for epithelial proliferation, branching, and cytodifferentiation in the developing lung. The importance of mesenchyme has been documented in tissue separation and recombination studies, where attempts to maintain early fetal lung epithelium in the absence of pulmonary mesenchyme results in epithelial death ( 1-3, 35 ) . Moreover, Masters removed mesenchyme in a quantitative manner and found an association between increasing amounts of mesenchyme and the extent of epithelial branching and lamellar body formation (3). Thus a minimal quantity of mesenchyme has been assumed necessary to support epithelial proliferation, with increased amounts of mesenchyme being required for epithelial branching and cytodifferentiation. We hypothesized that this requirement for mesenchyme was mediated by soluble factors. Cultured adult alveolar type II cells (11, 36) and epithelium from other fetal organs such as salivary gland (37) and tooth (38) (2, 3) . These data suggest the possible role of juxtacrine and Fibroblasts secrete undefined factors that are known to stimulate late-gestation fetal pulmonary epithelial cells (13) and adult alveolar type II cells (39) . Unfortunately, the presence of fibroblasts in lung explant cultures and the potential for fibroblast contamination in isolated late-gestation fetal epithelial cultures prepared by differential adherence techniques (40, 41 ) (11, 36) . The factors that constitute the ingredients found in TGM have also been shown to stimulate proliferation in isolated adult type II cells in low density culture ( 11 dered inactive by targeted dominant-negative over-expression resulted in severe to complete abrogation of lung branching (42) . This variant of FGF receptor 2 will bind both aFGF and KGF (43) . Late-gestation fetal pulmonary epithelial cells have also been isolated and cultured in CT, I, or EGF, each of which has been shown to stimulate [3H]thymidine incorporation (14, 15) . The role of EGF in fetal lung development is unclear. While some studies suggest that EGF stimulates branching morphogenesis in lung explant culture (5, 44) , others have demonstrated that EGF reduces branching (45) .
Mesenchyme is believed to direct the commitment of epithelial cells to cytodifferentiate into the appropriate phenotype through inductive interactions (38) . Since SP-A, SP-B and SP-C were not detectable by Northern analysis in day 13-14 fetal lung, we wished to determine whether TGM could provide instructive signals in epithelial cells in the absence of mesenchyme. We were particularly interested in SP-C expression, since SP-C mRNA has been localized only to the type II cell in the adult rodent (33) and the distal epithelium in the fetus (31, 34) , and is considered a tissue-specific differentiation marker for pre-alveolar type II cells. However, in contrast to Northern analysis, mRNAs for SP-A, SP-B and SP-C can be detected in the fetal rat lung by reverse transcription PCR by day 13 of gestation (4, 46) . Thus in our cultures TGM is supporting the permissive induction of the distal lung epithelial phenotype. Nevertheless, demonstration that mRNAs for SP-A, SP-B, and SP-C, which were undetectable by Northern blot at the start of our culture, accumulated in rudiments cultured for 5 d in TGM to levels approximating those seen in vivo implies that maturation of differentiated function proceeds in our cultures. Although the presence of lamellar bodies is not absolutely diagnostic for alveolar type II cells (47) , the presence of lamellar bodies in rudiments cultured in TGM implies that the epithelial cells have initiated synthesis of surfactant phospholipids. This further supports the concept that epithelial cells cultured in TGM progress along a normal distal lung differentiated pathway.
Interaction with an extracellular matrix has been shown to be important in the differentiation of many epithelial cell types. We enrobed our epithelial rudiments in EHS matrix, which is composed primarily of laminin, type IV collagen, heparan sulfate proteoglycan, and nidogen (20). It has also been shown that growth factors such as EGF, TGF-b, bFGF, IGF, and nerve growth factor are present in EHS, and that most of these factors can be eliminated by ammonium sulfate precipitation (21) . Accordingly, we used growth factor-reduced EHS in our cultures to eliminate the possible contribution of these growth factors. The possibility still exists, however, that some unknown growth factors remain in this matrix preparation. We do not believe that matrix-associated growth factors had a significant direct effect on our rudiments, since growth factor-reduced EHS was incapable of supporting epithelial growth in control medium. Thus any such factors would have to work synergistically with factors found in TGM. Distribution of epithelial cells expressing surfactant proteins or their mRNAs was not homogeneous in rudiments grown in TGM. SP-C mRNA and protein were preferentially expressed in the more distal epithelium, as occurs in vivo (31) . These data combined with our immunostaining observations, suggest that different cell populations may be present and that the spatial relationship of different epithelial phenotypes is maintained. Alternatively, the morphologically indistinguishable distal epithelial cells seen on days 13-14 may represent precursor cells that follow separate differentiated pathways in TGM. It is also possible that different soluble factors are responsible for distinct inductive pathways of epithelial differentiation.
In summary, we have shown that glandular stage pulmonary epithelial cells can proliferate to form three-dimensional acinar structures in the absence of pulmonary mesenchyme, and that the constituent cells differentiate in a manner consistent with the formation of alveolar type II cells. We believe this culture system provides an ideal model for studying the role of soluble factors and extracellular matrix in mediating epithelial-mesenchymal interactions in the developing lung. Since the interaction of epithelium and mesenchyme is critical to lung development in vivo, determining those factors that stimulate epithelial proliferation and differentiation may be clinically relevant to understanding and treating the premature infant with bronchopulmonary dysplasia or congenital pulmonary anomalies.
